Abstract-In order to meet the requirements of long range obstacle measurement of tower crane safety warning system and accurately estimate time of flight (TOF), an ultrasonic long range measurement system is designed and a mathematical model of echo envelope is established in this paper. Experimental data of long range obstacle measurement were collected and analyzed by using traditional threshold method and cross correlation method, the results exposed low accuracy and poor stability problems. According to the obstacle target can be quickly located by echo peak, and echo signal time domain waveform characteristics can be reflected by envelope model method, an improved long range measurement algorithm based on combination of peak method and envelope model method is introduced. Experimental results show higher accuracy and better stability of the improved long range measurement algorithm compared with threshold method and cross correlation method.
INTRODUCTION
Tower crane has huge structure, and with the expansion of the scale of urban construction, the tower crane working area become narrow, tower crane arm may collide with surrounding obstacles, which will cause tower crane accident [1] . The technical characteristic of both domestic and oversea tower crane safety warning system is locate itself, and only monitor tower crane its own state of motion, system control the rotation range on the basis of pre-defined permitted region and prohibited region to prevent tower crane collision accident [2, 3] . These schemes do not involve actively monitoring surrounding obstacles. Compared with radar, laser sensors and vision sensors, ultrasonic sensors not only has better adaptability to illumination changes, smoke dust, electromagnetic interference and other harsh environments, but also has lower cost and better reliability. Ultrasonic distance measurement technology has been successfully used in robot obstacle avoidance and vehicle reversing collision avoidance system [4] [5] [6] [7] . Therefore, research focusing on the analysis of ultrasonic sensor technology in tower crane anti-collision system has great practical significance [3] .
Most of current ultrasonic distance measurement products on the market have a limited effective distance measurement range of about 10 meters. However, in order to apply ultrasonic sensor technology in tower crane anti-collision system, its warning range should be within 25 meters. Therefore, the study of ultrasonic sensor long range distance measurement and target information acquire technology are the key and foundation of tower crane surrounding obstacles detection. In practical applications, due to ultrasonic distance measurement affected by environmental factors, the precision can be easily controlled to millimeter and centimeter level when performing a short range distance measurement, while for long range distance measurement, in order to achieve the same precision, system architecture and algorithm design need to be improved, accordingly, it will increase the complexity of the system architecture and algorithm.
Currently the most popular distance measurement method is pulse-echo method [8] , which estimate time of flight (TOF) from ultrasonic transmit to echo receive. The distance d between the ultrasonic probe and the measured object can be calculated as
where c is propagation velocity of ultrasonic wave in the medium, it mainly related to the medium temperature. The relationship between ultrasonic wave propagation velocity in the air medium and the environment temperature can be expressed as
where T is environment temperature. When environment temperature T is a certain value, the key of ultrasonic distance measurement technology is an accurate estimation of TOF. The accuracy of ranging measurement mainly depends on the accurate determination of the arrival of the ultrasonic echo signal, and the algorithm to be used must be adapted with the requirements of the application respect to accuracy, sample frequency, complexity and other factors, etc. Among TOF estimation methods, the widely used methods are threshold method and cross correlation method. Threshold method detects TOF through a pre-set threshold, considering that the ultrasonic echo arrived when its amplitude exceeds the threshold. This method presents poor accuracy especially in case of attenuated echoes. Cross correlation method presents higher accuracy but it needs higher sample frequency and storage capability, which makes it not suitable for realtime applications. Thus from accuracy and real-time point of view, these two methods are applicable to short range measurement with lower accuracy and real-time requirements. While for long range distance measurement, the stability and precision of these methods will downgrade due to ultrasonic echo signal to noise ratio become low.
In order to achieve more accurate distance measurement value, a number of techniques for measuring the arrival of the echo are presented. In reference [9] and reference [10] cross correlation method and phase shift method were combined to estimate the value of TOF, first calculated cross correlation function of the transmit and echo wave through cross correlation method to get the peak position of cross correlation function, and then detected phase shift of the transmit and echo wave through parabolic interpolation and phase shift method to decrease the measurement error of cross correlation method, so that more accurate TOF value was obtained. In reference [8] , reference [11] and reference [12] TOF value was estimated by using of parabola fitting method, which was, taking the starting line of ultrasonic echo envelope as part of a parabola, and performing parameter fitting of the starting line on the basis of curve fitting idea to achieve more accurate echo starting position. In reference [13] , different techniques and limitations of series of ultrasonic ranging methods were reviewed, and the accuracy and repeatability of the measurements were emphasized. On the basis of comparing time-domain methods with their frequencydomain equivalents, the use of hybrid models and biologically inspired methods were discussed. In reference [14] , in order to solve the problem that TOF estimation of ultrasonic echo can only be obtained by numeric calculation in traditional narrow band model, a method based on Laguerre model was proposed to calculate Cramer-Rao Lower Bound. The coherence between the variance of TOF and the theoretic CRLB obtained through Laguerre model was verified by the simulation on hybrid exponential model polluted by Gaussian white noise. In reference [15] , an inno-vative ultrasonic TOF measurement method with narrow-band transducers was proposed. Through introducing the received ultrasonic echo peak time sequences (PTSs) of two slightly different frequencies, the relative TOF can be more accurately identified than one wave period. Then to describe the signal reception, a mathematical model was built, and from which the TOF estimation algorithm was derived. After that a simulation model used to describe the characteristics of the ultrasonic transducer and the ultrasonic wave physical propagation was developed to verify the feasibility of the new algorithm. Finally, an experimental system of measuring the relative TOF over the known distance of 550-1450 mm was implemented to validate the feasibility. In reference [16] and reference [17] , an ultrasonic TOF estimation method based on Kalman Filter was proposed. The parameters of the theoretical model of two mixed echoes were estimated based on the EKF to accurately estimate the shape factors of echo envelope as well as locate its onset. Simulation results showed that the proposed method had a high precision and well ability of noise reduction.
However, the platforms and algorithms of above TOF estimation methods are mainly applied to short range within 10 meters. In case of long range measurement, ultrasonic echo signal amplitude presents exponential attenuation with the distance increase in air because of atmospheric absorption loss, geometrical spreading loss and influence of temperature, humidity and atmospheric pressure. Furthermore, echo signal of long rang measurement is very weak, it will be easily mixed with a large number of spurious echoes, electrical noise and acoustic noise, and then lead to low ultrasonic echo signal to noise ratio, thus make determining the exact moment of the echo arrival time more complex compared with short range measurement, which affects stability and accuracy of ultrasonic ranging algorithms.
Therefore, for long range distance measurement, this paper present to select appropriate long range ultrasonic sensors, design long range ultrasonic distance measurement system, perform ultrasonic signal acquisition and build mathematical model of the echo envelope, and then, from the perspective of signal processing, analyze accuracy and stability of traditional threshold method and cross correlation method，thus an improved long range measurement algorithm based on combination of peak method and envelope model method is proposed to achieve precise TOF estimation of long range ultrasonic echo signal, which provides the foundation of subsequent research of information fusion and target recognition.
II. ULTRASONIC SIGNAL MEASUREMENT SYSTEM
The composition structure block diagram of entire ultrasonic signal measurement system is shown in Fig. 1 . It consists of ultrasonic transmitter module, ultrasonic receiver module, PXI data acquisition module, ultrasonic signal processing with PC module and other components. Experimental setup of measurements is shown in Fig. 2 . The working principle of the measurement system is, ultrasonic pulses emitted from microcontroller through high-power ultrasonic drive circuit, to motivate the ultrasonic transmitter transducer and convert electrical energy into sound energy and transmit. When encounter obstacles, receiving transducer receives the reflected ultrasonic echo signal and convert sound energy into electrical energy. The echo signal amplified by receiving circuit and the motivated transmit signal will be collected to the processing PC through the PXI 6122 acquisition card of NI company. PC host with LabVIEW software and Matlab software platform will capture, store, display, analyze and process these signals.
III. ULTRASONIC ECHO ENVELOPE SIGNAL MATHEMATICAL MODEL
Using the ultrasonic measurement system, select long range, transceiver split, air piezoelectric LHQ22 as ultrasonic transducer, with transmitting transducer and receiving transducer is 1m positive, air as the transmission medium, data sampling frequency is 200kHz, rectangular pulse is used as motivate signal and the pulse number is 10, the ultrasonic echo and its envelope are shown in Fig. 3 . Analysis from vibration theory, the ultrasonic echo signal mainly has two phases, rising phase and falling phase. Rising phase is transducer perform forced vibration in the role of the AC motivate signal, the signal amplitude increasing. Falling phase is after the motivate signal stop, receiving transducer perform damped oscillation attenuation vibration, the signal amplitude decreasing. Then the received echo envelope is shown in Fig. 4 . On the basis of transducers' mechanical -acoustic analogy relationship and kinematic mechanical properties [18, 19] , mathematical model of the echo envelope signal can be deduced. The following introduction describes the process of establishing echo envelope rising phase mathematical model because it will be used in improved distance measurement algorithm of section IV D.
In the rising phase, vibration chips begin to vibrate and transmit sound waves with the combination of the driving force and the damping force. Perform analogy using kinematic mechanical properties. An object with mass m start moving from stationary state acted by constant force F in damping medium, its resistance f proportional to its velocity v, that is f =k.v. The kinetic equation is
Initial conditions are: when t = 0 and v=0, then
Using mechanical-acoustic analogy relationship, analogy z vt  of vibration chips' vibration velocity to above vt  relationship, the solution is
Then according to the formula of sound pressure, sound pressure of sound waves can be analogized as
where  0 is density of medium and c 0 is speed of sound waves. When the time equal to t F , sound pressure reach maximum value p Tm ，then rising phase ends. Similarly, the process of establishing echo envelope falling phase mathematical model can be deduced.
Therefore, using transducers' mechanical-acoustic analogy relationship, take account of air medium, obstacle reflection, voltage and sound wave generated by receiver chip is proportional and other factors etc, the final mathematical equation of echo envelope are as follows:
where k , A ,   is constant, which relate to receiving transducer, air medium and reflector material. 0<t<t F is echo envelope rising phase and t<t F is echo envelope falling phase.
IV. EXPERIMENTS AND ALGORITHMS ANALYSIS
In the experiments, the transmitter transducer and receiver transducer were placed on the same level and faced to the wall as the target. The experimental environment temperature was 9C. Experiments were carried out in different distances at 10m, 15m, 20m and 25m. Acquisition card sampling rate was set to 100 kHz; ultrasonic transmitter circuit generated 10 ultrasonic burst of 22 kHz frequency in each 200ms interval. To illustrate the distance measurement algorithm, data collection at a distance of 20m was used for analysis.
A. Echo Signal Data Preprocessing
Echo signal at a distance of 20m is shown in Fig. 5 (a) with a serious noise. In order to get accurate distance measurement, noise cancellation is needed. This paper uses an improved threshold filtering based on wavelet method to de-noise. Echo signal after processing is shown in Fig. 5(b) . 
B. Traditional Threshold Method
The principle of threshold method is when the received echo signal voltage is greater than the pre-set threshold value, the corresponding time is considered as the echo arrival time [8] .
Echo signal after de-noise at a distance of 20m were analyzed using threshold method. The results with different threshold of threshold method are shown in Fig.  6 . The detection result with a value of 1 means an obstacle is detected and the detection result with a value of 0 means that there is no obstruction.
As can be seen from the results, the distance is farer, the echo amplitude is smaller, the surrounding environmental noise is more serious, and there are false obstacle detection results when the signal to noise ratio is too small. In Fig. 6 , there are 6 false obstacle with threshold value was pre-set to 0.2 and 2 false obstacle with threshold value was pre-set to 0.26, and there is 1 false obstacle with threshold value was pre-set to 0.285. Until the threshold value was pre-set to 0.3, the real obstacle was detected. The analysis results show that only when a threshold is pre-set greater than 0.3 then the real obstacle can be detected.
Threshold method algorithm is as follows (1) Experimental data between 10m to 25m were analyzed with threshold method. The ranging results are shown in Table I .
According to the measured data in Fig. 6 and Table I , threshold method has the advantage of simple, practical and fast. However, threshold method also has the following disadvantage:
(1) Considered the point when echo exceed the threshold as the starting point of an echo, the measured time is not the echo arrival time of leading edge, which will affect the accuracy of the measurement; (2) As the acoustic attenuation loss and diffusion in transmission, the echo attenuation increases with distance increase, then accurately pre-set threshold value is difficult; (3) Echo signal amplitude of long range distance target is small, it is easy to be incorrectly triggering by noise, which result in false detection. 
C. Traditional Cross Correlation Method
Cross correlation method perform cross correlation calculation of echo signal and transmit signal, with the characteristics that ultrasonic transmitter signal correlation with echo signal but independent of most of the noise signal, then the cross correlation waveform peak arrival time is considered as the echo arrival time. Cross correlation method is optimal algorithm under the condition of single path with additive white Gaussian noise [20] .
Cross Correlation function of transmit signal x(t) and echo signal y(t) are Cross correlation method distance measurement algorithm is as follows:
(1) By performing cross correlation analysis of echo signal and transmit motivate signal, the cross correlation waveform between these two signals is obtained; The results of cross correlation method at a 20m distance are shown in Fig. 7 .
Experimental data between 10m to 25m were analyzed with cross correlation method. The ranging results are shown in Table II . Cross correlation method has strong oscillation characteristics in the vicinity of the waveform peak. There are a number of closest peak amplitudes in the vicinity of the correlation peak due to affected by ultrasonic signal center frequency, which will possibly cause a wrong estimation of TOF and low accuracy. Compared with threshold method, cross correlation method algorithm is more complex and poorer real time behavior.
For long range distance measurement, threshold method is easily affected by noise and threshold is difficult to pre-set, and cross correlation method has strong oscillation characteristics in the vicinity of the waveform peak, which cause lower accuracy and poorer stability, therefore improved algorithm is proposed in section D.
D. Improved Distance Measurement Algorithm Based on Combination of Peak Method and Envelope Model Method
On the basis of number of experiments, the position of the echo signal peak point can still be easily detected even if the low SNR and small echo signal amplitude, which can avoid threshold method false detection with inappropriate threshold. With the measurement distance change, the time difference between time t p corresponding to the echo peak position and the time t 0 corresponding to the echo starting position is almost keep the same. This time difference is approximately 10 times of the motivate pulse, i.e., 250  s.
By observing the echo waveform, the ultrasonic echo can be described as a relatively low frequency envelope of amplitude modulation wave signal, the envelopes of the echo waveform at different distances have better consistency, and the time difference between time corresponding to the echo peak position and the time corresponding to the echo starting position is almost keep the same. Extract the envelope of echo signal, which is equivalent to increase 2 times of ultrasonic frequency, can improve time resolution.
In this paper, Hilbert transform is used to extract the echo signal envelope [21, 22] . The detailed method is:
Given a continuous time signal x(t), its Hilbert transform h(t) is defined as
Combined x(t) and formula (5) to form an analytical signal:
The above formula is a plural signal, and the amplitude and phase of this signal are expressed as:
where
where amplitude A(t) is the envelope of given signal x(t), i.e. the modulation signal. The target echo can be quickly found by using peak method, and envelope model method considers the characteristics of the echo signal time domain. Improved distance measurement algorithm based on combination of peak method and envelope model method is proposed, and the detailed algorithm is as follows:
(1) Detect ultrasonic transmit time t 0 ; (2) Extract the envelope of the echo signal, and detect its peak time t p ; (3) Regarding to (t p − t) period time echo signal envelope, use the formula (7) in the rising phase of the echo envelope to fit this period signal envelope, where t take the value of 350s; (4) When the fit coefficient achieves a setting value, it can be considered an obstacle is detected; (5) Record the start time of the rising phase of the signal envelope as t 1, then TOF= t 1  t 0 , distance d can be calculated by using formula (1) .
Experimental data between 10m to 25m were analyzed with improved method. The ranging results are shown in Table III .
The results of improved distance measurement algorithm at a 20m are shown in Fig. 8 . Fig. 8 and Table III , the improved distance measurement algorithm based on combination of peak method and envelope model method has higher accuracy and better stability than threshold method and cross correlation method, which is conducive to accurately detect the long range distance obstacle. This paper studies the long range ultrasonic measurement algorithms. A mathematical model of echo envelope was established on the basis of vibration theory and mechanics-acoustic analogy relationship of transducer. Long range distance measurement results with traditional threshold method and cross correlation method were analyzed through experimental data. Due to the poorer accuracy and worse stability problems of long range distance measurement with these traditional methods, the improved distance measurement algorithm based on combination of peak method and envelope model method is proposed. Experimental results show that the improved distance measurement method can achieve more precise of TOF estimation, and has higher accuracy and better stability than threshold method and cross correlation method, so that it provides algorithm support of long range distance measurement technology for the tower crane anti-collision system. 
